Zinc oxide varistors are very complex systems, and the dominant mechanism of voltage barrier formation in these systems has not been well established. Yet the MNDO quantum mechanical theoretical calculation was used in this work to determine the most probable defect type at the surface of a ZnO cluster. The proposed model represents well the semiconducting nature as well as the defects at the ZnO bulk and surface. The model also shows that the main adsorption species that provide stability at the ZnO surface are O 2 , O 2 2 , and O 2 .
I. INTRODUCTION
The grain boundary strongly affects the electrical conductivity of polycrystalline solids. 1 The lack of lattice periodicity due to intrinsic defects causes a superficial rearrangement of localized states at the grain boundaries. Some atomic defects can also be introduced by impurities during processing of powders and segregation at the grain boundaries. All these localized defects lead to a high density of structural defects that can originate a potential barrier associated to a double space charge distribution. These associated phenomena establish variable resistance as a function of the applied electric field to the solid.
Electronic ceramics based on the grain boundary phenomena went through extraordinary advances after studies on the varistor effect of zinc oxide conducted by Matsuoka. 2 In order to understand the bulk and grain boundary effect on the conductivity of these ceramics, it is necessary to consider both microscopic and physical chemistry analyses.
Two types of point defects are related to the ZnO crystal: Frenkel and Schottky defects. 3 The predominant defect in the ZnO ceramics has not been well established yet. According to Mahan 4 the predominant defects in ZnO are of the Schottky type where oxygen vacancies are the dominant intrinsic donors. However Schwing and Hoffmann 5 proposed that oxygen vacancies are dominant only at high temperatures. These defects can be ionized and behave like electron donors and acceptors.
Interstitial zinc and oxygen vacancies are electron donors and can be single or double ionized and are represented by using Kroeger-Vink notation as 6 :
Electron acceptors are zinc vacancies that can be single or double ionized:
Gupta The varistor degradation is associated with the decrease of the voltage barrier at the grain boundary which is related to the annihilation of trapped defects. Several mechanisms have been proposed to explain the degradation phenomena of ZnO varistors, such as electron traps, ion migration, and oxygen loss. [8] [9] [10] [11] The objective of the present study is to determine, by quantum mechanical study, the probable mechanism for voltage barrier formation and for degradation of ZnO varistors.
II. MODEL AND QUANTUM MECHANICAL METHOD
The calculations were performed with the aid of the MNDO 12 semiempirical methods included in the MOPAC 5.0 program package. 13 The standard parameters for the zinc atom optimized by Dewar et al. 14, 15 and Stewart 16 were used. The use of cluster models has some advantages in chemical analysis, semiconducting analysis of oxides, and in adsorption processes. Due to the large dimensions of such clusters, a quantum chemical study requires the use of semiempirical methods.
The MNDO method has been previously used to study large silicon clusters (Si)n, with n . 10 17 and which suggests the possibility of using these semiempirical methods for investigating even larger clusters. The semiempirical calculations were made using the zinc oxide (ZnO) 10 cluster. The structural parameters of the (ZnO) 10 cluster used are shown in Fig. 1 . The cluster geometry variables were frozen during all the calculations, whereas the geometry variables corresponding to the absorbed gas molecules were fully optimized. The geometry of various configurations were optimized in order to determine the minimum stationary point corresponding to the specific active site interaction of
with the ZnO surface represented by the cluster model (Fig. 2) .
III. RESULTS AND DISCUSSIONS
According to Fujitsu et 10 and (ZnO) 10 Zn 11 with the species O 2 , O 2 2 , and O 2 at the ZnO surface. It is observed that the interaction of oxygen atoms and molecules at the ZnO surface increases the negative charge density. As a consequence there is a transfer of negative charge from the oxygen atom or molecule to the cluster surface. This result shows cluster showing that the adsorbed oxygen leads to a negative charge at the surface and positive charge in the bulk. The negative charge distribution of this system is higher than that of the (ZnO) 10 ? O 2 system. However, the bulk is lightly positive. The numbers in parentheses are the charge value in milielectron. that a voltage barrier can be formed by the adsorption of oxygen molecules and atoms in the surface region of the ZnO cluster.
The charge distribution of the ZnO cluster shows that the oxygen species O 2 , O 2 2 , and O 2 are responsible for the negative state at the ZnO surface (Figs. 4, 5 , 6, and 8). Moreover, this negative surface can also be analyzed by the total energy calculation of the (ZnO) 10 cluster interacting with the different oxygen species.
To verify which oxygen species lead to major stability of the system, calculation for each species was considered. Considering the interaction of an oxygen molecule on the ZnO surface, the energy value for this adsorption is
The experimental value obtained by Binesti 21 for this adsorption is 0.8 eV. This indicates that the ZnO model considered is reasonable for this type of calculation. Results for interactions at different sites are similar, which leads to charge redistribution in the crystal and the increase of negative charge density at the surface (Figs. 4, 5, and 6 ).
The adsorption of O 2 2 at the surface was also considered leading to: In this case there is a break of an oxygen molecule bond and the system gains an extra electron to stabilize the reaction. This reaction needs a high energy to be completed and the probability that this species is at the ZnO surface is very low.
The model presented takes into account the nonstoichiometry of ZnO by placing an interstitial zinc as dominant defect. However, oxygen vacancies are also important and should be considered. Gupta and co-authors 7, [9] [10] [11] proposed that the degradation of ZnO varistors occurs by interstitial zinc diffusion from the depletion layer to the grain boundary. According to these authors cooling after sintering leads to freezing of interstitial zinc in the depletion layer. The application of an external electric field makes the migration of these ions to the interface possible. The presence of negative charge of the Schottky barrier at the surface leads to partial neutralization of the net charge. This effect is reversible after elimination of the electric field.
Considering the stoichiometric ZnO the charge density of the surface is negative. However, the presence of interstitial zinc ions can transform the surface charge density to a positive value (Figs. 7 and 8 ). Comparing Figs. 3 and 7 with 5 and 8 a significative increase of surface charge density is observed due to adsorbed O 2 2 and to the positive charge of the interstitial zinc ions. These results agree with the model where the oxygen ions and molecules are located at the surface creating a barrier for another neighbor cluster. Moreover, the electron moves more easily inside the cluster due to the positive charge generated by the interstitial zinc ion. These results are in agreement with the proposition of Gupta 7, 9, 10 in which the role of the positive charge is to neutralize the negative surface charge.
Takahashi et al. 22 suggested that at least part of the surface charge is due to oxygen ions. Considering that the degradation of ZnO varistors occurs mainly by the liberation of oxygen, it is reasonable to propose a reaction of the interstitial zinc ions (Zn 12 ) and adsorbed oxygens (O 22 ). However, this reaction is endothermic and involves 8 eV, which is not very likely for this system. Therefore, the adsorption of O 2 , O 2 2 , and O 2 species was considered in a stoichiometric (ZnO) 10 model and in a nonstoichiometric (ZnO) 10 Zn 1 . The results showed that to adsorb an oxygen molecule in the stoichiometry model, 0.78 eV are necessary according to reaction (7) . The system (ZnO) 10 O 2 can be reduced leading to:
Then for the oxygen adsorption and reduction the net reaction is:
Then the reverse reaction (10) indicates the need of 0.92 eV to liberate an oxygen from the ZnO cluster surface. This result is close to the experimental results obtained by Leite et al. 23 during degradation of a ZnO varistor (0.98 eV).
For the nonstoichiometric system the adsorption of oxygen is given by: 
The net variation of reactions (11) and (12) is DE 21.3 eV, indicating that the interstitial zinc ions are located near the surface. In this case the oxygen adsorption will be higher in this system compared to the stoichiometric system. As a consequence the degradation phenomena will be more difficult. There is also the possibility of the existence of double charged oxygen at the ZnO surface that is represented by the following reactions:
By analyzing Eq. (14) (Fig. 9 ). This model is basically similar to that proposed by Gupta 25 with the addition of oxygen ions and molecular oxygen adsorbed at the grain boundary. These defects together with interstitial zinc ions (Zn i ≤≤ and Zn i ≤ ) and oxygen vacancies (V O ≤ and V O ≤≤ ) are responsible for the ZnO grain boundary atomic defects.
The above defects form the depletion layer at the grain boundary region of zinc oxide, increasing the nonohmic behavior of this oxide.
Previous theoretical cluster calculations of the zinc oxide surfaces and adsorption process include the discrete variational (DV) x-a model, 27, 28 semiempirical (INDO/S), 29 and extend Hückel methods 30 Refs. 27 and 30 in Table II agree with the experimental value of the crystal bulk (3.3 eV). 31 In the present work the mean value for the energy gap calculated for the 14 ZnO clusters is 3.6 eV in agreement with experimental data. This result shows that to simulate the energy gap of a crystalline solid not only the defect concentration (vacancies and interstitial ions) should be considered, but also its position (surface or bulk).
IV. CONCLUSIONS
The theoretical calculations lead to the following conclusions:
(1) The ZnO proposed model represents very well the semiconducting properties of this oxide in both surface and bulk.
(2) The interstitial Zn 1 species near the grain boundary decrease the negative surface state due to redistribution of charge and favor the adsorption of oxygen.
(3) The adsorption of O 2 , O 2 2 , and O 2 at the ZnO surface stabilizes the ZnO system, increasing the varistor properties. The desorption of these species leads to ZnO varistor degradation.
